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Abstract
Mosquito densonucleosis viruses synthesize two non-structural proteins, NS1 and NS2. While NS1 has been studied relatively well, little is
known about NS2. Antiserum was raised against a peptide near the N-terminus of NS2, and used to conduct Western blot analysis and immuno-
fluorescence assays. Western blots revealed a prominent band near the expected size (41 kDa). Immuno-fluorescence studies of mosquito cells
transfected with AeDNV indicate that NS2 has a wider distribution pattern than does NS1, and the distribution pattern appears to be a function of
time post-infection. Nuclear localization of NS2 requires intact C-terminus but does not require additional viral proteins. Mutations ranging from
complete NS2 knock-out to a single missense amino acid substitution in NS2 can significantly reduce viral replication and production of viable
progeny.
© 2007 Elsevier Inc. All rights reserved.Keywords: Mosquito densonucleosis viruses; Non-structural proteins; Antibodies; Western analysis; Immuno-fluorescent assayIntroduction
The mosquito densonucleosis viruses are members of the
family Parvoviridae, subfamily Densovirinae in the genus Bre-
vidensovirus (Afanasiev and Carlson, 2001). The first one to be
described was the Aedes aegypti densonucleosis virus (AeDNV),
which was isolated from a laboratory colony of A. aegypti
mosquitoes (Buchatsky, 1989). AeDNV has been developed
into a gene delivery and expression vector (Afanasiev et al.,
1994, 1999; Allen-Miura et al., 1999). Several mosquito
densonucleosis viruses have been sequenced (Afanasiev et al.,
1991; Boublik et al., 1994; Chen et al., 2004; Paterson et al.,
2005). Mosquito densonucleosis viruses share many features
with other Parvoviridae family members. They all have non-⁎ Corresponding author. Fax: +1 970 491 1815.
E-mail address: Jonathan.Carlson@ColoState.edu (J. Carlson).
1 These authors contributed equally to this work.
0042-6822/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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genomes with terminal palindromes that assume hairpin
secondary structures required for replication (Fig. 1). The
AeDNV genome contains three large open reading frames
(ORF's). Two of these encode the non-structural proteins, NS1
and NS2. The NS2 ORF is embedded in the NS1 ORF (Fig. 1).
Previous studies suggested that both of these proteins are
expressed from a single message, and that the nucleotide context
surrounding both AUG codons is likely to play a role in
regulation of each protein's abundance (Kimmick et al., 1998;
Ward et al., 2001). Thus, this mechanism of NS2 expression is
principally different from that seen in mammalian parvoviruses,
which express NS1 and NS2 by differential splicing of a long
primary transcript (Cotmore and Tattersall, 1987). In the case of
mosquito densonucleosis viruses, no part of NS2 bears any
homology to NS1. In fact, we were unable to find any significant
homology between AeDNV NS2 and any other protein except
for NS2 proteins of related mosquito densoviruses. Expression
Fig. 1. Genomic organization of AeDNV and selected features of NS2 protein. L and R — left and right termini of the viral genome. (The terminal hairpins are not
drawn to scale.) Genes for viral proteins NS1, NS2, and VP are indicated by arrows. The enlarged representation of NS2 protein shows the locations for the peptide
sequence (Pept) used to produce anti-NS2 antibody, a putative bipartite nuclear localization signal (NLS), and the truncation (Tr) made to demonstrate the role of
carboxy-terminus of NS2 in translocation of the protein into the nucleus. The numbers indicate the beginning and ending (where applicable) amino acid residues for
each feature.
Fig. 2. Western blot analysis of C6/36 cell lysates. (A) 72 h Post-transfection.
Lanes: U — untransfected cells, M — markers (with approximate band size
indicated next to each marker), (+)— cells transfected with AeDNV, (−)— cells
transfected with NS2-null mutant. (B) 12, 24, or 36 h Post-transfection. The
earliest detectable expression of NS2 and the first signs of its degradation shown
with black and white arrows, respectively.
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using an NS2-β-galactosidase fusion (Afanasiev et al., 1994).
NS2 alone does not appear to have any effect on viral gene
expression and its function remains unknown.
Herein we characterize NS2 with Western blot and IFA ap-
proaches using antipeptide antiserum, and with genetic studies.
We show that NS2 appears on Western blots as one major and
several minor bands, with the latter likely resulting from the
proteolytic cleavage of the full-length protein. We also show the
spatial distributions of NS2 and an NS1-GFP fusion protein in
single infected cells, augmenting previous work with fusion
proteins by showing for the first time the distribution of both
proteins in the same cell. Using combination of IFA with other
methods, we demonstrate that the pattern of NS2 distribution
depends on the stage of viral infection and that the carboxy-
terminus of NS2 is required for nuclear localization of this pro-
tein. Finally, we demonstrate that NS2 is necessary for pro-
ductive infection in cultured mosquito cells.
Results
Western blot analysis of lysates of the cells infected with
AeDNV
Fig. 2A shows Western blot analysis of cell lysates that
contain NS2 (cells infected with wild-type AeDNV), along with
those that do not (infected with NS2-null mutant or uninfected
cells). The sample containing NS2 produced a prominent band
between 38- and 49-kDa markers. Multiple bands of lower
molecular weight and lesser intensity can be seen in this sample
as well. None of these bands were visible in the controls, which
confirms the specificity of anti-NS2 antibody. The laddering is
likely to be indicative of proteolytic degradation, but the signi-
ficance of this degradation is unclear. It is possible that some of
the degradation products are functional forms of NS2. Time
course experiment in which the samples were taken 12, 24, and
36 h post-transfection demonstrated that traces of NS2 can be
detected 12 h post-transfection. By 24 h post-transfection,intensity of NS2 band appears to be similar to that seen at later
timepoints. By 36 h, additional bands appear, indicating pro-
teolytic degradation (Fig. 2B). Based on the markers, the ap-
parent molecular weight of the main band is about 45 kDa,
which is somewhat higher than theoretical MWof 41 kDa. This
discrepancy may be caused by variation in electrophoretic mo-
bility among the proteins that have similar size, but different
amino acid composition.
Visualization of NS2 within infected cells using antibodies
directed against NS2-derived peptide
Previous studies indicated a cytoplasmic distribution of NS2-
β-galactosidase fusion protein in the infected cell (Afanasiev
et al., 1994); however, this protein only contained 22 N-terminal
residues of NS2. In contrast, the use of anti-NS2 antibodies
enabled us to observe distribution of the full-length protein. In
order to visualize possible co-localization of NS1 andNS2, C6/36
cells were transfected with pANS1-GFP, a derivative of the
infectious clone, which encodes a fusion protein with the green
fluorescent protein fused to the C-terminus of NS1. This construct
130 E. Azarkh et al. / Virology 374 (2008) 128–137contains the native, intact NS2 expression unit, and the NS1
produced is fully functional (Afanasiev et al., 1999). We
developed a protocol that allowed for immuno-fluorescent
staining while also preserving GFP activity for detection of the
NS1-GFP fusion protein. The specificity of immuno-fluorescent
assay was checked by applying the same protocol to stain
untransfected cells, which resulted in no appreciable fluorescence
(data not shown). Co-detection of NS1-GFP and NS2 in
transfected cells revealed some differences in distribution pat-
terns of the two non-structural proteins. As observed in earlierFig. 3. Studies of NS2 distribution using anti-NS2 antisera. (A) Two major patterns
nuclear localization, co-localized with NS1-GFP. Bottom row: peri-nuclear and cytop
ATC-15 cells as a function of time. (C) NS2-positive foci inside the nuclei of infect
expressed in C6/36 cells from constitutive promoter in the absence of other viral prexperiments (Afanasiev et al., 1994), NS1 localized to the nu-
cleus, where it tended to form punctate foci. In contrast, NS2 was
more widely distributed, occurring in the nucleus and the
cytoplasm, and, in general, the staining profile of NS2 appeared
to be less punctate than that of NS1. As shown in Fig. 3A, the two
proteins can co-localize in punctate regions of the nucleus or have
different spatial distributions altogether. Interestingly, when NS2
is not co-localized with NS1, the pattern of NS2 expression
resembles a “halo”within the nuclear membrane, similar toMVM
NS2 (Bodendorf et al., 1999).of NS2 distribution within the same sample of infected C6-36 cells. Top row:
lasmic localization, not co-localized with NS1-GFP. (B) Distribution of NS2 in
ed ATC-15 cells. (D) Localization of full-length and truncated versions of NS2
oteins.
Table 1
Putative bipartite NLS identified in C-terminal regions of NS2 proteins of mosquito densoviruses and other insect parvoviruses
Virus Genus First and last amino acid position Sequence
AeDNV Brevidensovirus 267–283 KRTGDTSPQPGPSKRRV
AThDNV Brevidensovirus 268–284 KRTGDTSPQQGPSKRRV
AalDNV Brevidensovirus 268–284 KRTGDISPQQGPSKRRA
APeDNV Brevidensovirus 268–284 KRTGDISPQPGPSKRRA
GmDNV Densovirus 256–272 RKPIRQGNSHTYGKKQR
BmDNV Iteravirus 263–295 RRNRPSSSRHINTTRKRKSITTSKGVLTKKKSL (overlap of at least 2 putative bipartite NLS)
CeDNV Iteravirus 278–296 RKRKSTMMSTGKFMKKKLL
Basic motifs are in boldface.
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Based on the data presented above, we hypothesized that the
pattern of NS2 expression in the cells infected with AeDNV is a
function of time post-infection and that the changes in NS2
localization reflect certain temporally ordered events in viral
propagation. Verification of this hypothesis requires that all such
events happen at the same time in all infected cells. Parvoviruses
depend on cellular machinery to replicate their DNA. Therefore,
synchronized viral replication can be achieved by infecting a
population of cells that have been synchronized to enter S-phase
simultaneously. Hydroxyurea (HU) has been used to synchro-
nize mosquito cells (Gerenday et al., 1997), and we used a
double HU block to arrest the cell cycle at the boundary of G1-
and S-phases. Upon removal of the second HU block, over 85%
of the cells were recovered in S-phase. Aedes albopictusATC-15
cells were used for this study instead of C6/36 cells because of
the higher percentage of infected cells (50–60% vs. 10–15%),
more suitable cell morphology (smaller nucleus-to-cytoplasm
ratio allows for better characterization of subcellular compart-Fig. 4. Characterization of wild-type AeDNV and NS2-null mutant phenotypes usin
(transfected without any DNA).ments containing viral proteins), and better tolerance for HU
treatments. Synchronized ATC-15 cells infected with AeDNV
were fixed at different times post HU block release, treated with
NS2 antisera and FITC-conjugated secondary antibodies, and
counterstained with DAPI to visualize the nuclei (Fig. 3B).
Confocal images were also taken to provide amore detailed view
of NS2's subcellular localization (Fig. 3C). The earliest
detectable NS2 expression can be seen at 11 h post HU block
release and can be seen localized within the nucleus in small,
round regions no more than two per cell. At 18 h post HU block
release, the nuclear substructure(s) co-localized with NS2 have
enlarged, and diffuse NS2 expression can be seen throughout the
rest of the nucleus. Just 4 h later, at 22 h post HU block release,
the localization pattern of NS2 is complex and expanding,
coinciding with the morphological changes of the nucleus. By
28 h post HU block release, NS2 is seen in the cytoplasm as well
as the nucleus and is co-localized with very distinct hollow, ring-
like structures in the nucleus as opposed to the solid round foci
seen in early infection (Fig. 3C provides comparison of the foci
seen at 22 h vs. 28 h post HU block release). At 37 h post HUg immuno-fluorescent assays. (A) Wild type. (B) Mutant. (C) Negative control
Fig. 5. Molecular differences between wild-type mosquito densoviruses, hybrids
4, 5, 12, and 13, and NS2 G172E mutant of APeDNV. (A) Genomic organization
of hybrids 4 (infective) and 5 (non-infective). (B) The region critical for hybrid
infectivity. The bases at which the viruses differ are boxed off. (C) Left end
junction of hybrids 12 (non-infective) and 13 (infective). The changes in DNA
and protein sequences are enclosed in boxes.
132 E. Azarkh et al. / Virology 374 (2008) 128–137block release, NS2 protein has migrated to the nuclear periphery
and the cytoplasm.
Search for putative nuclear localization signal (NLS)
Since NS2 displayed nuclear localization during most of
viral infection cycle, we sought to determine whether other
viral proteins (NS1 and VPs) were required to target NS2 to the
nucleus. To do so, we constructed a plasmid pBS-Hsp-ANS2 in
which AeDNV NS2 expression is put under control of Droso-
philaHsp70 promoter (constitutive in mosquito cells). No other
viral proteins were encoded on this plasmid. The plasmid was
transfected into C6/36 cells, and IFAwas performed 48 h later.
Under these experimental conditions, NS2 was observed ex-
clusively in the nuclei (Fig. 3D). This indicates that no other
viral protein is required for nuclear localization of NS2. The
Psort II program (freeware — www.psort.org) was used to
identify putative nuclear localization signals (NLS), and a so-
called bipartite NLS was found in the C-terminal part of the
protein (Fig. 1). This type of signal is characterized by two
basic residues followed by a 10-residue spacer and ending with
5 residues of which at least 3 must be basic (Dingwall and
Laskey, 1991). The putative NLS was conserved among the
mosquito densoviruses. Interestingly, similar putative signals
were identified in the C-terminal regions of NS2 proteins of
other insect parvoviruses (Table 1). To demonstrate importance
of C-terminal region of NS2 for its nuclear localization we
created a plasmid pBS-Hsp-trNS2 similar to pBS-Hsp-ANS2
except the truncated version of NS2 that lacked 108 (30%) of
the C-terminal residues (Fig. 1). When the truncated NS2 was
expressed and assayed under the same conditions as its full-
length counterpart, it was found to remain in the cytoplasm,
similar to the distribution of NS2 during the latest stages of
productive viral infections.
Characterization of an AeDNV mutant incapable of NS2
synthesis
To determine whether NS2 is necessary for viral propagation,
we created a mutant that expresses functional NS1 and VP
proteins but is unable to synthesize NS2 due to a mutation in the
start codon,which changedATG toACG. Fig. 2A shows thatNS2
is not detectable by Western blot in cells transfected with this
mutant. To assess viability of the mutant, we transfected
A. albopictus C6/36 cells with this mutated strain. Additional
samples of C6/36 cells transfected with wild-type pUCA or with
transfection reagents but no DNA served as positive and negative
controls, respectively. Samples were collected and analyzed by
IFA. Seventy-two hours post-transfection, synthesis of the viral
capsidswas detected by IFA in the cells transfectedwithwild-type
constructs (Fig. 4A) and with NS2-null mutant (Fig. 4B), but not
in mock-transfected cells (Fig. 4C). NS2 was only detected inside
the cells transfected withwild-type pUCA. In the quick infectivity
test, the wild-type AeDNV (Fig. 4A), but not the NS2-null mutant
(Fig. 4B) established infection of fresh C6/36 cells based on IFA
against capsid antigen and NS2. To further characterize the
defective phenotype resulting from NS2 knockout, we quantifiedviral DNA containing in the lysates of transfected cells 72 h post-
transfection and in the virus particles purified from these lysates
by ultracentrifugation. Based on qPCR data, wild-type virus
generated 9.48×105 copies of viral DNA per microliter of lysate,
of which 4.70×105 copies per microliter represented encapsi-
dated genomic DNA and was later detected in the preparation of
virus particles. In contrast, only 1.83×104 copies per microliter
were detected in the lysates of cells transfected with NS2 ATG
mutant, of which 1.15×104 copies per microliter represented
encapsidated genomic DNA. This means a 52-fold decrease in
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tion for the mutant compared to the wild-type virus.
Study of Ae/Pe hybrids and APeDNV point mutant
APeDNV has been recently characterized and sequenced
(Genbank # AY310877) and shares 80.8% identity with AeDNV
(Genbank # M37899). These two viruses display different
phenotypes: AeDNV is more virulent in vivo, while APeDNV is
characterized by more robust replication in C6/36 cell culture
(Ledermann et al., 2004; Paterson et al., 2005). Chimeric viruses
(which we also call hybrids) were constructed to determine
genetic determinants of viral propagation and pathogenicity.
Two of the initial hybrids, #4 and #5, differed only in the extent
of APeDNV sequence at the left end of the viral genome. In
hybrid #4 the sequences between bases 447 and 1349 were from
APeDNV while in #5 they were from AeDNV (Fig 5A). Hy-
brid #4 was infective and #5 was not. A series of hybrids with
breakpoints within this region were constructed and tested for
growth characteristics culminating in hybrids #12 and #13. In
hybrid #12, the first base specific for APeDNV is at the position
901, while in hybrid #13 the first APeDNV-specific base is at the
position 895, the next position to the left at which the two viruses
differ (Fig. 5B). However, only hybrid #13 produced positive
cells in the quick infectivity test (see Materials and methods),
while hybrid #12 was non-infective. Based on sequence com-
parison between hybrids #12 and #13, we identified a single
amino acid (Gly172) in NS2 that was essential for infectivity of
APeDNV and its derivatives (see Fig. 5C). Note that this point
mutation does not change the NS1 sequence. In order to confirm
that the amino acid change in NS2 alone was responsible for the
loss of function (loss of infective virus production), we created a
G172E point mutant of NS2 in the APeDNV background. The
phenotype produced by infectious clone pUCP-G172E upon its
transfection into C6/36 cells was indistinguishable from that of
the wild-type pUCP when assayed by IFA and qPCR. Yet, theFig. 6. Viral propagation curves for wild-type APeDNVand NS2 G172E mutant.
Assays were carried out in C6/36 cells. Viral replication was scored by assessing
the accumulation of viral DNA.progeny of mutated virus failed to establish infection upon the
passage to the fresh C6/36 cells in a quick infectivity test. To
confirm that the G172E mutant was defective, we monitored
accumulation of viral DNA in the cultural fluid of cell cultures
infected with equal doses of wild-type or mutated APeDNV viral
stock. The viral propagation curve (Fig. 6) demonstrates that
accumulation of viral DNA is dramatically lower in case of NS2
G172E mutant. This demonstrates once again that NS2 plays an
important role in viral life cycle of mosquito densonucleosis
viruses, which has yet to be defined.
Discussion
Most parvoviruses produce more than one non-structural
protein. NS1, the major non-structural protein, is relatively
well conserved across all parvoviral species. It contains the so-
called conserved parvoviral domain (PARVO_NS1, Pfam entry
PF01057), which possesses ATPase, nickase, and helicase ac-
tivity and is indispensable in replication of parvoviruses. How-
ever, the other non-structural proteins (NS2 and sometimes
NS3) are not as well conserved, and their functions are often
unclear or simply unknown. Probably the best studied to date is
the NS2 protein of minute virus of mice (MVM), which is
required for productive infection in some cell types but not
others (Naeger et al., 1990). In murine cells, MVM NS2 is
required for efficient translation of viral mRNA (Naeger et al.,
1993) and for assembly of the capsid to produce viable progeny
(Cotmore et al., 1997). Eichwald et al. (2002) have provided
evidence that the NS2 proteins of MVM are utilized during
transport of the virion from the nucleus. Choi et al. (2005)
have also shown that MVM NS2 is required for accumulation
of viral DNA in cell types that require NS2. However, one must
be careful with extrapolating the data obtained in MVM NS2
studies to other parvoviruses, even including those within Par-
vovirinae subfamily. For example, cell culture and in vivo ani-
mal studies of the canine parvovirus (CPV) were unable to
establish a definite role for NS2 in the virus life cycle (Wang
et al., 1998). Abd-Alla et al. (2004) demonstrated that an NS3
protein is required for viral DNA replication of JcDNV (the
type member of genus Densovirus), but this is to our knowl-
edge the only report that provides information on the function
of densoviral NS2 and NS3 proteins.
In order to characterize brevidensoviral NS2 proteins and to
elucidate their function(s) in the viral life cycle, we raised
antiserum against a synthetic peptide with a sequence near the
amino terminus of the AeDNVNS2.Western blot analysis using
this antiserum indicates that the major NS2 band is close to the
expected size of 41 kDa. This size was predicted based on the
assumption that the twomajor viral transcripts (right and left) are
not spliced in the course of mRNA processing, which stemmed
from the analysis of genomic DNA sequence that failed to id-
entify any consensus splice signals (Kimmick et al., 1998). Good
correlation between predicted and observed size of NS2 supports
this assumption. Additional bands appear to result from pro-
teolytic degradation that is independent from the process of
sample preparation. Miller and Pintel (2001) have shown that
NS2 of MVM is subject to very rapid proteolytic degradation
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this protein has a half-life of only about 90 min. In our case,
degradation does not appear to be as dramatic, though it is not
possible to make a firm conclusion based on the Western blot
alone. What we observe is probably a steady-state equilibrium
between protein synthesis and degradation that is reached
approximately 36 h post-transfection. Further tests, including
pulse-chase experiments will be required to determine the true
extent and significance of proteolytic degradation of breviden-
soviral NS2 proteins.
Initial IFA results generated by expressing NS1-GFP fusion
and native NS2 protein in unsynchronized C6/36 cells
indicated that, similar to the mammalian parvoviruses (Bod-
endorf et al., 1999; Cotmore and Tattersall, 1990;Young et al.,
2002b), native NS2 of AeDNV can be found throughout the
entire infected cell. However, each individual NS2-positive cell
displayed only one of the two distinct patterns of NS2 ex-
pression: co-localization with NS1 in the nucleus or NS1-
independent accumulation in nuclear periphery and cytoplasm.
Subsequent experiments using synchronized ATC-15 cells
were conducted to further elucidate temporal and spatial as-
pects of NS2 expression. Nuclear localization of NS2 can be
ascribed to earlier stages of infection, while the migration of
NS2 towards the nuclear margins and into the cytoplasm is
indicative of the later stages. During the early stages, NS2 lo-
calizes to the small round sub-nuclear compartments generally
called nuclear bodies. These bodies appear to be very dyna-
mic structures: they grow in size and number, merge with each
other, and change their appearance as the infection progresses.
Formation of nuclear bodies in response to viral infection and
co-localization of non-structural proteins with these bodies has
been described for other parvoviruses, most notably for MVM.
According to Young et al. (2002a,b), both NS1 and NS2 proteins
of MVM interact specifically and co-localize with cellular pro-
tein Smn in the nuclear bodies called SAAB (Smn-associated
autonomous parvovirus-associated replication bodies). As fol-
lows from the name, SAABs are thought to be the sites of viral
replication. Recently, MVM NS2 was shown to be dispensable
for SAAB formation (Young et al., 2005), so it is likely a
functional and not a structural component of SAABs. It would be
interesting to determine whether the composition and the
function of the nuclear bodies seen in our studies are similar to
those of SAABs.
Currently, we do not know how NS2 is transported across the
nuclear membrane. However, we determined that the carboxy-
terminal region of NS2 is critical for its entry into the nucleus
and that this process does not require any other viral protein.
The C-terminal region of NS2 was found to contain a putative
NLS conserved across Brevidensovirus genus. Based on these
data, nuclear entry of NS2 is likely similar to that of many other
proteins that require specific interaction with so-called impor-
tins and the energy from Ran-GTP hydrolysis in order to pass
through the nuclear pores (reviewed in Lange et al., 2007). Even
less is known about the mechanisms by which AeDNV NS2
exits the nuclei during the late stages of infection. MVM NS2
was shown to interact with Crm1, a protein that binds leucine-
rich nuclear export sequences (NES) to promote the nuclearexport of the target proteins in Ran-GTP-dependent manner
(Bodendorf et al., 1999). This interaction was determined to be
important for the viral egress from infected nuclei (Miller and
Pintel, 2002). Crm1 homologues are expressed by insects, in-
cluding A. aegypti (protein accession # EAT47399), so it is
possible (though not proven) that the nuclear export of bre-
vidensoviral NS2 proteins is also Crm1 mediated.
We have determined that different kinds of NS2 mutations
result in different phenotypic manifestations. In case of complete
NS2 knockout, there is a significant decrease in viral DNA
synthesis upon transfection of pUCA-NS2-null into C6/36 cells
compared to the wild-type pUCA. The concentration of DNA-
containing viral particles is also decreased, although this appears
to be a secondary effect caused by the decrease in viral DNA
pool. The virions that accumulate in the medium fail to establish
infection of the new cells. In case of the G172ENS2 point mutant,
no change in phenotype is observed upon transfection of the
plasmid into mosquito cells, but the defect becomes apparent
when the newly produced virions fail to establish secondary
infection. This defect is observed regardless of whether virion-
containing media or standardized virus stocks are used.
In summary, the mutations in brevidensoviral NS2 genes
correlate with various defects of the viral life cycle, suggesting
that NS2 proteins of mosquito densoviruses are involved with
efficient DNA replication and production of infectious progeny.
At the same time, the specific roles played by NS2 and the
underlying molecular mechanisms have yet to be elucidated.
Materials and methods
Antibody production
Rabbit antiserum was generated against a synthetic NS2
peptide synthesized by the proteomics core at the University of
Nebraska, Lincoln. The peptide contained the following se-
quence: NH2-VSAGGENWIW EHQLESKEDW PTITNN–
COOH near the predicted amino-terminus of the AeDNV
NS2 (Fig. 1). The peptide was amidated at its C-terminus and
conjugated to keyhole limpet hemacyanin to promote immu-
nogenicity. Antipeptide antibodies were produced by Cocalico
Biologicals, Inc. (Reamstown, PA). Rabbits were injected with
0.5–1 mg of KLH-conjugated peptide, and boosted four times
prior to exsanguination. In addition to the antibodies targeting
NS2, antisera raised in rabbits against the whole capsids of
AeDNV (gift from Dr. Leonid Buchatsky) were used to assess
production of virus particles in transfected and infected cells.
Plasmids
Plasmids for this study were obtained by the combination of
conventional, PCR-based, and gene synthesis techniques. See
Table 2 for plasmid descriptions.
Cell cultures
A. albopictus C6/36 cells were grown at 28 °C in Lebovitz's
L-15 media supplemented with a 1% penicillin–streptomycin
Table 2
Plasmids
Name Description Reference
pUCA Infectious clone containing full-length
genome of AeDNV cloned into pUC19.
Afanasiev
et al. (1994)
pUCP Infectious clone containing full-length
genome of APeDNV cloned into pUC19.
Our
unpublished
data
pANS1-GFP Derivative of pUCAwith most of the
structural gene sequence removed and
replaced with GFP gene fused in-frame
to NS1. Both NS1 and GFP domains
are functional.
Afanasiev
et al. (1999)
pUCA-NS2-null Derivative of pUCAwith the first ATG of
NS2 gene mutated to ACG. Does not make
any NS2.
This study
pBS-Hsp-ANS2 Derivative of pBluescript that contains
Drosophila Hsp70 promoter, full-length NS2
gene, and SV-40 poly-adenylation signal.
This study
pBS-Hsp-trNS2 Same as above, but the gene of interest is a
truncated version of NS2 (nt 1–762).
This study
pAPA series
(4, 5, 12, 13)
Derivatives of pUCAwith a fragment of
AeDNV sequence replaced with corresponding
fragment from APeDNV. The right junction is
the same for all constructs (conserved BamHI
site at the alignment position 3859); the left
junction varies. In constructs 4, 5, 12, and 13
discussed in this work the left junction is
at the alignment position 447 (Conserved
MscI site), 1349 (Conserved BstAPI site),
901, and 895, respectively.
This study
pUCP-G172E Derivative of pUCP with a point mutation
at nt 515 of NS2 gene that results in G172
E mutation.
This study
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ATC-15 cells (gift fromDr. Susan Knudson) were grown at 28 °C
in Lebovitz's L-15 media supplemented with a 1% penicillin–
streptomycin mixture and 20% FBS in 6-well plates with two
flame-sterilized coverslips per well.
Transfections
C6/36 cells were seeded at approximately 60% in T-75 tissue
culture flasks 24 h before transfection. The cells were transfected
with pUCA plasmid DNA using Effectene Reagent (Invitrogen)
according to the manufacturer's specifications for semi-adherent
cells. The transfection reagent-containing media were removed
24 h post-transfection, the cells were rinsed with PBS, and fresh
medium was added. Cells were incubated at 28 °C until 72 h
post-transfection for all experiments except for the nuclear lo-
calization studies that only required 48-h incubation.
Western blot analysis
Seventy-two hours post-transfection, the cells were detached
by scraping or vigorous shaking and concentrated 25-fold by
low-speed centrifugation and removal of all but 200 μl of the
supernatant. The cells were then lysed by the addition of SDS to
final concentration of 1% and brief vortexing. Cell debris wasremoved by a low-speed centrifugation. Initial experiments
indicated that addition of protease inhibitors in the process of cell
lysis had no effect on the yield or banding patterns of NS2, so
this step was not included in subsequent experiments. Samples
were prepared, loaded, and run on SDS-PAGE using reagents,
equipment, and protocols from Invitrogen (NuPage 4× SDS
loading buffer, MES running buffer with antioxidant, Bis–Tris
4–12%, Xcell SureLock mini-cell). The proteins were then
transferred to nitrocellulose membrane (Amersham Bioscience)
using Xcell II BlotModule (Invitrogen). The membrane was
blocked for at least 1 h with UniBlock solution (AGTC) and
stained with primary anti-NS2 antibodies diluted 1:1000, se-
condary goat anti-rabbit IgG-HRP conjugate diluted 1:5000, and
Vectra DAB (Vector). The images were taken using VersaDoc
imaging system (BioRad). To estimate the onsets of NS2 ex-
pression and degradation, the above-described method was
modified to transfect 3 samples of cells and to lyse one sample at
a time 12, 24, and 36 h post-transfection.
Real-time quantitative PCR (qPCR)
We used qPCR to compare the levels of viral DNA synthesis
for different viruses. It was also used to indirectly quantify virus
particles in our viral stocks, because more direct quantification
methods, such as plaque assays, do not work for our viruses,
which fail to form plaques in cell cultures. Real-time PCR was
performed using reagents, standards, primers, and a TaqMan
probe described in Ledermann et al. (2004).
Virus purification
Cells were lysed in media by freezing at −80 °C and thawing
in their original T-75 tissue culture flasks (three freeze/thaw
cycles). Cell debris was removed from the lysate by centri-
fugation at 3000×g, and the virus was pelleted with a Beckman
L7 ultracentrifuge using an SW 41 Ti rotor at 32,000 rpm for 2 h.
The viral pellets were resuspended in 1 ml of H2O on ice,
sterilized by filtration through 0.2-μm filters, and kept at 4 °C for
use within 48 h. To determine concentration, 20-μl sample of the
viral stockwas taken, and viral DNAwas extracted usingQIAmp
viral DNA purification kit (Qiagen). Concentration of viral DNA
was then determined by real-time PCR described above.
Synchronization and infection of ATC-15 cells
A protocol for the use of hydroxyurea (HU), a reversible
inhibitor of DNA synthesis, to synchronize mosquito cell cul-
tures was adapted from Gerenday et al. (1997). ATC-15 cells
were seeded at 30% confluency and incubated for 10 h. 2 mM
HU was added to the medium to attain final concentration of
0.2 mM, and the cell cultures were incubated for 36 h. The HU
block was relieved by replacing the medium, and the cells were
left to recover for 20 h. Then the HU block was reintroduced,
this time with simultaneous addition of 1.2×109 genome equi-
valents of the viral stock prepared as described above. The
medium was replaced 36 h later, which was considered time 0
post HU block.
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For IFA, cell cultures were washed with phosphate-buffered
saline (PBS). Fixation and permeabilization were performed in
one of the two ways: cold acetone for 5 min if the cells were
attached to 1.5-cm round glass coverslips or cold 1:1 (v:v)
ethanol–acetone mixture for 15 min if the cells were stained
directly in the wells. Fixation was stopped by re-submersion in
PBS for 10 min. The primary antibodies against NS2 of interest
were diluted in PBS (1:50 to stain NS2 in ATC-15 cells, 1:200 to
stain NS2 in C6/36 cells, 1:1000 to stain whole capsids in C6/36
cells). After incubation for 1 h at 37 °C with slow rocking, the
cells were washed 3 times for 5min with PBS and then incubated
without light for 1 h at 37 °C with Texas Red- or fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit IgG secondary
antibodies diluted 1:100 in PBS. When DAPI was used, it was
prepared from the stock by making 1:1000 dilution in PBS, and
the cells were stained for 5 min. After that, the cells were washed
with PBS as above. When coverslips were used, they were
mounted in ANTI-FADE and sealed around the edges with clear
nailpolish for preservation.
Microscopy
Standard fluorescent microscopy: Cultures were observed
with a Nikon Diaphot 200 microscope using Chroma FITC,
Texas Red, and DAPI filters (when applicable). Digital images
were captured with a CoolSnap camera, and the camera settings
were optimized with the associated CoolSnap software. Con-
focal microscopy: Fixed cultures were analyzed by confocal
microscopy with an Olympus FVX-IX70 Fluoview Confocal
Laser Scanning Microscope, using the Argon 488-nm laser
for the detection of GFP, and the HeNe 543-nm laser for
the detection of Texas Red. The channels were detected se-
quentially, and the laser power and detection windows were
adjusted for each channel to eliminate overlap between dif-
ferent fluorochromes. Digital photographs of fluorescent sec-
tions were taken and processed using the attached Fluoview
software.
Quick test for infectivity
Transfection of C6/36 cells with infectious clones results in
viral replication and accumulation of virions both inside the
cells and in the medium. However, some mutant strains generate
virions that are unable to establish infection in the new cells.
Quick test for infectivity is a simple method that we use to check
for such mutant phenotype. This test is performed 72 h post-
transfection by removing 1 ml of medium from transfected cell
culture, clearing it by brief low-speed centrifugation (3 min at
1000×g is sufficient), mixing it with 4 ml of fresh medium, and
adding this mixture to the fresh cells seeded the day before at
25% confluency in T-25 flask. Then the cells are incubated at
28 °C for another 72 h, harvested, and assayed with fluorescent
antibodies to detect capsid synthesis. The test is graded qua-
litatively as either positive (infected cells present) or negative
(infected cells absent).Viral propagation curve
The fresh C6/36 cells were prepared as described above. The
viral stock was added to the final concentration 5×109 genome
equivalents per milliliter and mixed with the medium by
swirling. The cells were incubated at 28 °C for 2 h. 20-μl
Sample of the medium was then taken, and the cells were
washed with two 5-ml portions of PBS and covered with 5 ml of
fresh medium. This was considered the time zero, and from this
moment incubation continued for 72 h. Additional 20-μl
samples were taken at 24, 48, and 72 h. All samples were
frozen until the end of 72-h incubation. The samples were then
processed to extract viral DNA using QIAmp kit, and real-time
PCR was performed as described above.
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